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ABSTRACT

The large deformation of structural components such as beams, plates and shells

subjected to blast loads can be predicted with favourable correlation with

experimental data. This work deals with the more complex situation of combining

these structural components. Experiments using a 100mm diameter circular plate

stiffened with a single beam of width 8mm clamped across the diameter of the plate

is presented. Beams of thickness 3,4,5 and 6mm were used. Results show that an

optimum beam-thickness/plate-thickness combination is required.

1. INTRODUCTION

The prediction, as a result of a blast load, of the large deformation of structural

components with symmetrical cross-sections such as beams, plates and shells, has

been reported widely in the literature, for example Jones [1,2,3], Nurick and Martin

[4,5], Duffey [6]. In addition, the prediction of the deformation and subsequent

tearing has also been reported, for example Shen and Jones [7,8], Teeling-Smith and

Nurick [9], Olson, Nurick and Fagnan [10], Nurick and Shave [11] However,

some structures that may be subjected to blast-type loads are constructed in

combinations of components and therefore have assymmetrical cross-sections.

Nurick, Olson, Fagnan and Levin [12] reported on the deformation and tearing of

stiffened square plates, where the stiffener and the plate were manufactured as a

single unit, while Nurick and Conolly [13], reported on clamped single and double

stiffened rectangular plates. Both the asymmetry and boundary fixing conditions

create added complications in the modelling process. The implications of

assymmetrical cross-sections have been investigated for T-beams by considering the

interactive yield curves as reported by Nurick and Jones [14,15 ] The respective
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responses of the individual components are crucial in the overall design process. For

example, if the beam response dominates then the plate will tear and where the

inverse is true, then the beam will fail first. This phenomenon is illustrated in this

paper, in which the results of a series of experiments are presented.

2. EXPERIMENTAL PROCEDURE

Three series of experiments were performed consisting of a series on plates alone, a

series on beams alone and a series on the combined plate and beam for each beam

thickness. The mild steel plates and beams were clamped between two heavy

securing plates using 10mm bolts equally spaced. The photographs in Fig 1. show

the clamping arrangement for the beam-plate configuration. The plate test diameter

was 100mm with a plate thickness of 1.6mm. All the beams were 8mm wide and

were also clamped using a 100mm span. Four different beam thicknesses were used;

3,4,5 and 6mm. In all cases the clamped specimens were attached to one end of a

ballistic pendulum which was counter-balanced as described in Ref [9], For all

experiments an uniform load was applied using plastic explosive. For the plates the

explosive was applied as two annuli rings interconnected as described in Ref [9]; and

for the beams the explosive consisted of a single strip along the full span of the

beam. In the case of the combined structure the explosive was applied to the plate as

two-interconnected annuli rings. In all cases the detonator was attached at the centre

of the explosive to enable symmetric loading. The total applied impulse was

determined from the displacement of the pendulum. The deformation of the

specimens was measured after detonation. Tables 1,2 and 3 give the results for

plates, beams and combined components, respectively.

FIG. 1. Photographs showing the Clamping Arrangement
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Test No.

0890P1

0890P2

0890P3

0890P4

0890P5

0890P6

0890P7

0890P8

Impulse

(Ns)

8.73

5.21

14.68

7.41

16.47

10.08

16.25

14.48

Mid-
Pouit

Deflection
(mm)

1065

7.26

19.09

9.97

20.43

13.81

(1)

19.89

Deflection-
Thickness

Ratio

666

4.54

11.93

6.23

12.77

8.63

-

12.43

Table 1. Data for Plate Experiments

(D) 3mm Thick Beams

Test No.

0890B35

0990B79

0990B80

0990B81

0990B82

0990B83

0990B84

0990B85

Impulse

(Ns)

1.06

1.23

1.64

2.38

2.77

2.59

2.71

2.81

Mid-
Point

Deflection
(mm)

7.70

9.02

12.28

15.22

(1)

16.66

(1)

17.52

Deflection-
Thickness
Ratio

2.57

3.01

4.09

5.07

.

5.55

.

5.84

(O 4mm Thick Beams

Test No.

0990B69

0990B70

0990B71

0990B72

0990B73

0990B74

Impulse

(Ns)

1.65

2.48

2.81

3.26

3.77

1.34

Mid-
Point

Deflection
(mm)

9.14

13.02

14.78

15.34

19.68

6.98

Deflection-
Thickness

Ratio

2.29

3.26

3.69

3.84

4.92

1.75

(B) 5mm Thick Beams

Test No.

0890B42

0890B43

0890B44

0890B45

0890B46

0890B47

0890B48

0990B96

0990B97

0990B98

Impulse

(Ns)

0.89

1.19

1.61

2.52

2.77

3.33

2.08

4.31

3.72

4.13

Mid-
Point

Deflection
(mm)

2.38

3.46

6.38

10.88

12.44

14.70

8.26

(1)

15.74

19.76

Deflection-
Thickness

Ratio

0.48

0.69

1.28

2.18

2.49

2.94

1.65

3.15

3.95

(A) 6mm Thick Beams

Test No.

0990B57

0990B58

0990B59

0990B60

0990B61

0990B92

Impulse

(Ns)

3.24

4.14

443

175

2.05

3.24

Mid-
Point

Deflection
(mm)

9.24

13.76

1408

9.14

5.62

10.76

Defection-
Thickness
Ratio

1.54

2.29

135

1.52

0.94

1.79

Table 2. Data for Beam Experiments
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(D) 3mm Beam

Teat
No.

OS90PB27

OS90PB2S

OS90PB29

0890PB30

0890PB31

0890PB32

0990PB75

0990PB76

0990PBT7

0990PB7S

0990PBS6

0990PB93

0990PB94

0990PB95

Impulae

(N«)

6.54

13.71

S.50

13JO

7.61

18.23

7.64

7.70

24.21

5.21

5.15

20.24

IJ5

19.01

Mid-Point
Deflection
(mm)

PUu

6.70

1301

10.24

13.22

7.52

19.59

6.42

6.62

(1)

4.64

5JO

20.02

7.56

19.42

Bean

1.50

14.6S

1016

14.94

878

(2)

#J6

S.S2

5.74

5.9S

21.53

S.97

20.73

Gap

l.SO

1.60

0.62

1.72

1.26

1.94

2.20

1.10

0.4*

1.51

1.41

IJI

(A) 6mm Beam

Teat
No.

0890PB1

OS90PB2

0890PB4

0890PB5

0890PB6

OS90PB7

0890PB8

0890PB9

0890PB10

0890PB11

0890PB12

0890PB13

0890PB14

0890PB15

0990PB87

0990PB88

0990PB89

ImpulM

(Ni)

10.86

16J4

18.53

18.90

18.26

19.25

12.19

15.92

19.49

11.36

6.80

15.17

14.90

14.19

15.74

7.38

8.58

Mid-Point
Deflection
(mm)

Plate

9.48

15J6

(I)

(1)

(1)

(1)

11.78

(1)

(1)

11.82

4.68

12.63

13.53

14.69

11.98

5.74

6.62

Beam

10.64

17.64

-

-

-

12.84

-

-

12.64

58*

13.12

14.62

15.54

13.10

6.97

7.63

Gap

1.16

2.28

-

-

-

1.06

-

-

0.82

1.20

0.49

1.09

0.85

1.12

1.23

1.01

(C) 4mm Beam

Test
No.

0890PB16

0890 PB 17

0890PB18

0890PB19

0890PB20

0890PB21

0890PB25

0990PB49

0990PB50

0990PB51

0990PB52

0990PB53

0990PB54

0990PB55

0990PB56

0990PB63

0990PB66

0990PB67

0990PB68

Impulse

(Ni)

8.87

15.69

18.26

13.50

7.70

19.61

14.88

7.90

6.68

19.24

17.93

21.45

19.77

7.75

18.89

13.19

7.07

3.09

5J9

Mid-Point
Deflection
(mm)

Plate

8.12

1.92

16.81

15.45

6.58

18.24

12.82

8.04

6.62

0)

16.36

(I)

(1)

6.82

16.40

13.52

5.98

3.54

5.38

Beam

9.80

15.24

(2)

16.48

8.62

(2)

14.30

9.76

8.70

18.72

.

8.86

17.52

14.68

7.82

4.44

7.16

Gap

1.68

1.32

1.03

2.04

1.48

1.72

2.08

2.36

2.04

1.12

1.16

1.84

0.90

1.78

(B) 5mm Beam

Test
No.

OS90PB36

OS90PB37

0890PB38

0890PB39

0890PB40

0890PB41

0990PB64

0990PB65

0990PB90

0990PB91

0990PB92

Impulse

(Ni)

11.90

14.91

12.77

16.21

16.43

9.10

19.49

19.43

8.09

6.78

7.19

Mid-Point
Deflection
(mm)

PUu

9.99

12.90

13.78

15.12

15.14

7.26

(1)

16.44

6.34

5. IS

5.96

Beam

11.02

14.30

15.02

16.06

16.14

1.70

18.22

7.48

6. IS

7.18

Gap

1.03

1.40

1.24

0.94

1.00

1.44

I.7S

1.14

1.00

1.22

Table 3. Data for Plate-Beam Experiments
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Uniaxial tensile tests were performed on standard specimens at different quasi-static

strain rates. The average static yield stress was determined using the Cowper-

Symonds strain rate equation with the accepted strain rate sensitivity values for mild

steel [16].The average static yield stress for the plate material was 255 MPa and for

the beam material was 427 MPa.

3. RESULTS

The mid-point deflection versus impulse for the beams is shown in Figs.2a and 2b

It is clearly observed that the thicker beams deform less than the thinner beams for

similar impulses. All this data presented in the form deflection-thickness ratio versus

dimensioriless impulse generally falls within the predictions [16] using

circumscribing and inscribing yield criteria with strain rate sensitive material

properties, as shown in Fig.3. A similar trend is also found for the results of the

plate data as shown in Fig.4, (although in this case the experimental results are all

slightly less than the circumscribing yield curve. It has been reported [16] that for

large deflections the experiments will lie closer to the lower bound). However, the

information in Figs. 3 and 4 provide a sense of confidence in the experimental

process in order that the stiffened plate experiments could proceed. The mid-point

deflection for the stiffened plate versus impulse is shown for each plate-beam

combination in Figs 5-8.

I;
, I

5

1 '

Us* (N«.)

F« :. ar.p« .f D.(î a«, v™. imp*., to, e~n, T«U '« ̂ <""* " °*"S*B̂ ri«"ir' """ "*""' ""*"'"

{•

I
*
a

rtotag YMd Ciiv«

Dim*nslonl**B Impute*
1000 1*00 aooo 2*00
Dlm*m*lonl**$ Impuls*

FIQ 3. Qraprt of D«fl««tion-Thlekn«ss Ratio V*r*us
Oim*fi«lonl*«« hnpult* for B*«m«.

Pi**# I
on-Thlokn*** Ratio VersusFIQ 4.Qr*ph of D#fl#«Won/

Olm*ncionl««s Impwl** for Plate*
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X". **

I»
§

11

I
s

Impulse (N*.) ilse (Ns.)

Fig f. Graph of Deflation Versus Impulse for 9mm Beam P» * Q̂ P** ««DemecMom Versus impulse for 6mm Beam
f Hffened Plate. ##ff#m#d Mat*.

1 "

I ,o

LI

"

Impulse (Ns.) Impulse (N«.)
o Plate* cam

FIG 7. Graph of Deflection Versus Impulse for 4mm Beam
SOftened Plate.

tJon Versus Impulse for 3mm Beam

It is apparent that the beam contributes to an overall reduction in the deflection of

the plate, although the contribution as a function of the beam thickness is difficult to

assess from Figs. 5-8. In order to evaluate the effect of the different thickness

beams on the deflection of the plate, information is obtained using the general trends

given by the best fit linear regressions. In general the mid-point deflection decreases

asymptotically as the beam stiffener thickness increases for similar values of impulse,

as shown in Table 4 and Fig.9. Also the mid-point deflection percentage decrease

(relative to plate only deflection) increases as the beam thickness increases, as

illustrated in Fig. 10.

Stiff*n*r Thlokn***(mm.)

-«-- 14 N*.
-* 10 N#.
-•»- 16 N*. ...*... IBM*.

#Mff*n*r Thfokn**i(mm.)
o Lowccl Valmc* • H*q*c*t Vmlm*

PIQ 9. Graph Showing Effect of Beam Thlokn*** on Pitt*.
FIG 10. Graph Showing P«ro«nUg* Deflection Decrease

for Increasing Sttflener Thickness.
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Inputs*
(Ni)

f

10

12

14

16

IS

DdUctwi(mm)

Plate

10.06

13.lt

15.69

1120

20.71

23.23

ttffewdPUu

3mm

7.79
(22.6)

9*2
(25.5)

1115
(24.1)

13.**
(23.7)

15.92
(23.1)

17.95
(22.7)

4m.

7.24
(210)

9.42
Oi-5)

11.20
(216)

119*
(217)

14.75
(2**)

liJ3
(21*)

5mm

6.70
(33.4)

162
(34.6)

10.54
(32.*)

1146
(31.5)

14.39
(30.5)

1631
(29.*)

6mm

6.64
(340)

163
(34.5)

10.62
(32.3)

12.61
(30.*)

Structure

PB6

PBS

PB4

PB3

Range

0.49 -

0.94-

0.90-

0.48-

Average

(mm)

2.28

1.78

2.36

2.20

Avert

1

1

1

I

1

fe (mm)

.12

.22

.61

.41

.36

Table 4. Comparisons of Figs. 5-8

(Values in brackets are percentage

decrease relative to plate only).

Table 5. Gap Between Plate

and Beam

It was observed that in all cases, the permanent mid-point deflection of the beam

was greater than the mid-point deflection of the plate as shown in the photograph in

Fig. 11. A similar phenomenon was observed in Ref[13]. This is attributed to the

springback effect referred to in Ref[10]. No dependency on beam thickness could

be identified for the variation of the gap size between the beam and the plate. In all

cases the gap varied within the range 0,48mm to 2,36mm.

Fig. 11. Photograph showing the Gap Between the Plate and the Beam.

The tearing of the plate or the beam at the boundary was observed to occur in a

small range of impulses. These values were similar to the highest impulse for no

tearing, as shown in Table 6 and Fig. 12. In Table 6 Mode I refers to deformation

without tearing and Mode n refers to deformation with tearing. For the 3mm and

4mm thick beams, the beam tore at impulses lower than that required for plate

tearing, while the inverse is true for the 5mm and 6mm thick beams. The

photograph in Fig. 13 illustrates the tearing of a plate which was stiffened by the

thicker beams.
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Beam
Depth
(mm)

6

5

4

3

0

Mode
(UI)

I

II

I

II

I

II

UI

I

II

UI

I

II

Impulse
(Ns)

16.34

15.92

19.43

19.49

18.89

19.24

18.26

20.24

24.21

18.23

16.47

16.25

Mid-point
deflection

Plate

15.36

(I)

16.44

(1)

16.40

(1)

16.81

20.02

(1)

19.59

20.43

(1)

Beam

17.64

18.22

-

17.52

•

(2)

21.53

-

(2)

-

#*#m TN@kn*## (mm.)

FW 12. Graph Showing bitpuls* for
Plat* and B#*m T*#hng.

(I) Plate tore at boundary
(2) Beam tore at boundary

Table 6. Values of Impulse at Tearing

Fig 13. Photograph of Torn Plate with 6mm Beam Stiffener
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4. DISCUSSION

The effect of a single stiffener across a circular plate has been presented. The results

indicate that the deflection of the plate is reduced by between 22% and 34% for the

beams of thickness 3mm to 6mm respectively. However, the effect of the 5mm and

6mm beams appear to be similar, (Table 6, Figs.9 and 10). This implies that a beam

with thickness more than 5mm is redundant for Mode I failure. It has also been

shown that for the 3mm and 4mm beam stiffeners, these beams tear at impulses

lower than that required to tear the plate; whereas for the 5mm and 6mm beams

only the plate was observed to tear. The impulse required to tear the plate is

identical for both the 4mm and 5mm beam stiffeners. Again this implies that a beam

with thickness more than 5mm is redundant for Mode n failure. Hence for the

given material properties and for plate/beam dimensions of 100mm diameter, 1,6mm

thick/8mm wide, a beam thickness of 5mm is shown to be the optimum stiffener.
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